Chloroplasts of higher plants have been isolated from leaf homogenates, with greater or lesser attempts at purification from other types of particles, using differential centrifugation. Such preparations of chloroplasts, or "chloroplastic matter" (see earlier reviews, 27, 36), have in some cases been reported to contain a series of components; for instance nucleic acid (10, 15, 26) , catalase (23, 24) , or cytochrome oxidase (11, 12, 28, 31) . Critical proof of the presence of these in the chloroplasts, however, requires the preparation of plastids freed from all other types of subeellular particles. We have accordingly investigated the process of purifying tobacco leaf chloroplasts, and have been able to obtain intact whole chloroplasts evidently free from most other leaf components. These plastid preparations had negligible amounts of the two enzymes mentioned above, and had very little nucleic acid.
Chloroplasts of higher plants have been isolated from leaf homogenates, with greater or lesser attempts at purification from other types of particles, using differential centrifugation. Such preparations of chloroplasts, or "chloroplastic matter" (see earlier reviews, 27, 36) , have in some cases been reported to contain a series of components; for instance nucleic acid (10, 15, 26) , catalase (23, 24) , or cytochrome oxidase (11, 12, 28, 31) . Critical proof of the presence of these in the chloroplasts, however, requires the preparation of plastids freed from all other types of subeellular particles. We have accordingly investigated the process of purifying tobacco leaf chloroplasts, and have been able to obtain intact whole chloroplasts evidently free from most other leaf components. These plastid preparations had negligible amounts of the two enzymes mentioned above, and had very little nucleic acid.
Our preparation of purified chloroplasts has enabled us to study the non-plastid particles of tobacco leaf homogenates. All other centrifugal fractions are contaminated with chloroplasts or chloroplast fragments, in our experience. Having purified chloroplasts, it becomes possible to estimate the contribution of the chloroplasts to each successive fraction, and the properties of the non-plastid particles are found by difference.
As a result of our studies, we are able to point out a number of complications to the problem of separating subeellular organelles from leaf tissue. With full recognition of these complications, we have been able to devise methods for analyzing a leaf homogenate for four different classes of particles, as well as for purifying ehloroplasts.
MATERIALS AND METHODS
Turkish tobacco plants (Nicotiana tabacum var. Samsun) were grown in 6-inch pots in the greenhouse. The plants were kept in a darkened room for 1 to 3 days in order to remove starch grains from the chloroplasts; mature leaves were then detached and the petioles and midribs removed. The leaf tissue was ground in the cold in 4 to 5 times its weight of cold M/15 phosphate buffer at pH 7.0 made to 0.4 1\ sucrose. Leaves were homogenized either by grinding with a mortar and pestle, or else by a 30-second to 1-minute blending at 55 % of line voltage in an Omnimixer. The homogenates were strained through a pad of cheesecloth plus glass wool to remove cell walls, or occasionally through sharkskin filter paper using a basket centrifuge. Centrifuged pellets were made up to a known fraction of the volume of the strained homogenate, and measurements of the suspensions were calculated back to ml homogenate.
To obtain particles from these homogenates, 40-ml aliquots were centrifuged for 12 minutes at selected speeds. The relative centrifugal force (R.CF) was calculated for the mid-point of the fluid volume in the centrifuge tube at each speed used. Pellets were resuspended and chloroplasts and any other particles were washed in the same sucrose-phosphate buffer. All operations were performed in a cold room at 40C.
Protein nitrogen (N) was measured in resuspended pellets or in soluble supernatants after precipitation with cold 1 N trichloroacetic acid (TCA) and one wash with cold N/2 TCA. The precipitates were digested with sulfuric acid using a selenium, mercuric sulfate, potassium sulfate mixture as catalyst, and N after digestion was measured by Nesslerization. Phosphorus (P) measurements were made on perchloric acid digested material, according to the method of Berenblum and Chain (4) . Total chlorophyll determinations were carried out by measuring absorption at 645 and 663 m)u in acetone extracts, according to the procedure described by Arnon (3) . Iron was measured by the method of Sayvell and Cunningham (29) . Hill reaction activity was measured by following the reduction of ferricyanide potentiometrically, by a modification of the method of Spikes et al (32) .
Nucleic acid components were extracted following the procedures developed by Ogur and Rosen (25) for use with plant material. The methods call for preliminary extractions to remove interfering materials, then selective extraction of the ribose nucleic acid (RNA) components by 1 N perchloric acid at 40C, and final extraction of the desoxyribose nucleic acid (DNA) components in N/2 perchloric acid at 700C. For routine analyses, the cold acid extraction was omitted, and the total nucleic acid was extracted at 700C. These nucleic acid extracts were analyzed for P, ultraviolet absorption curve, and for desoxyribose with the Dische diphenylamine test (8) . RNA in the extracts was then estimated as the difference JAGENDORF AND WILDMAN-ISOLATED CHLOROPLASTS These high values were assumed to be due to interfering materials, and were not recorded.
Catalase determinations were made in the apparatus described by Appleman (2) in which the final H202 concentration was 0.6 N and the tests were performed at 0°C. Cytochrome oxidase was determined manometrically at 25°C using two flasks, one with 3 mg hydroquinone, and the other with hydroquinone pluis 7 x 10-5 MI cytochrome c. Final volume in the flasks was 2.5 ml. Cytochrome oxidase activity was measured as the difference in 02 uptake between the two flasks. All enzyme determinations were performed in duplicate.
EXPERIMENTAL RESULTS artificially fragmented and the smaller fragments separated from the remaining intact plastids. Analysis of the fragments always shows that they have the same chlorophyll/N ratio as the original preparation of intact plastids. Therefore, the lower chlorophyll/N ratios in successive pellets brought down from the whole tobacco leaf homogenates must result from the presence of particles that are neither chloroplasts nor chloroplast fragments. It is possible to obtain an accurate estimate of the non-plastid particles present, assuming that the chlorophyll in all pellets is associated only with either whole chloroplasts or chloroplast fragments. The total chloroplast N of a particular fraction can be calculated from the total chlorophyll of the fraction, once the chlorophyll/N ratio is known for pure chloroplasts from the same homogenate. Non-plastid N is then calculated as the difference between the total N and the chloroplast N of the fraction. For instance, the fraction sedimenting at 8000 x g in table II has 0.018 mg chlorophyll/ml. Since, in this homogenate, purified chloroplasts had a chlorophyll/N ratio of 1.0, that means that the pellet has 0.018 mg chloroplast N/ml. The total N was 0.045 mg/ml, so that the remainder, or 0.028 mg N/ml, must have been non-plastid N. The other fractions of this homogenate are similarly analyzed in table II. It can be seen that 52 % of the protein N of this homogenate is particulate. By chlorophyll analysis of the whole homogenate, 32% of the protein N is in the chloroplasts. The remaining 20 % must be considered to be in non-plastid particles. This non-plastid particle material is distributed through all the pellets; as seen in column 4 of table II (non-chloroplast N/ml homogenate), most of it is in the 650 x g and 8,000 x g pellets.
In all the homogenates that have been examined, the particles accounted for 45 IISTRIBUTION OF CATALASE IN LEAF HOMOGE-NATES: In making analyses for catalase, it has been our constant observation that 45 to 60 % of the catalase activity of the strained homogenate is not brought down as a sediment in 45 minutes at an RCF of 22,000xg, and at least part of the catalase can be thus considered as part of the soluble protein. This finding is at variance with a num-ber of observations in the literature, where only 10 to 20 % of the total catalase activity of a leaf has been found to be soluble (23, 24) , although it does agree with some other observations (13, 16, 20) . It is likely that factors not explored in the present experiments, such as ease of solubilization of the enzyme, or precipitation of the enzyme by a low pH of the homogenate (13) , might explain these discrepancies.
Our main concern has been with the catalase found in the particles. The distribution of particulate catalase in successive centrifugal pellets is shown in table III, where it can be compared to the centrifugal behavior of chlorophyll and of protein N. The data show that only 35 % of particulate catalase was removed as a sediment when 81 % of the chlorophyll and probably all of the intact plastids were sedimented. Thus, at most 35 % of the particulate catalase might be associated with the chloroplasts. Since the separation achieved in the horizontal centrifuge tubes is incomplete, it remains a distinct possibility that the catalase activity found in the crude chloroplast fraction is still associated with particles smaller than, intact plastids. Indeed, on washing such a chloroplast preparation 5 smaller particles. Well washed chloroplasts had negligible cytochrome oxidase activity. CHEMICAL COMPOSITION OF PURIFIED CHLORO-PLASTS: Highly purified chloroplasts have been prepared by repeated washings in sucrose-buffer at 600 x g. Nuclei were eliminated from these preparations, insofar as possible, by three low speed centrifugations and by repeated passage of the chloroplast suspension through sharkskin filter paper. Analyses of the chloroplasts for nitrogen (N), chlorophyll, phosphorus (P), dry matter, iron, and nucleic acid are listed in table VI. Dry weights were determined after 2 further washings with distilled water. The plastids were counted in a bacterial counting chamber, and the analytical results are expressed per chloroplast as well as per mg N.
The analyses for N per plastid were repeated with 9 different preparations, with quite uniform results. The figure for N can be expressed as 6.0 + .35 x 10-10 mg N per plastid. Values for chlorophyll were somewhat more variable than N, and ranged from 0.8 to 1.0 mg chlorophyll per mg chloroplast N. The reasons for the variation are not clear, but it was a common observation with previous preparations of washed chloroplasts (5, 14, 18), and we think it may be inherent in the plastids and related to the nutritional condition of the leaf (18) . Iron and phosphorus values are similar to those previously reported (27) , although the iron-containing enzymes, catalase and cytochrome oxidase, were absent from these preparations. It is likely that some iron is present in cytochrome f, according to the data of Davenport and Hill (7) .
Attempts were made to determine the nucleic acid content of purified whole chloroplasts by the methods of Ogur and Rosen (23) . In spite of preliminary extractions with cold alcohol, boiling alcohol-ether, and briefly with cold perchloric acid, the final, 20 minute, hot N/2 perchloric acid extract of the chloroplasts showed only a shoulder at 260 mu in the otherwise smooth ultraviolet absorption curve, rather than a specific peak at 260 mu as might have been expected for pure ribose nucleic acid components. However, since the extracts contained organic phosphorus, and produced both the orcinol reaction for ribose (although at too high a level) and the Dische diphenylamine test for desoxyribose, it was possible to estimate the maximum nucleic acid content of whole chloroplasts.
The data in table VI show that the nucleic acid content of washed chloroplasts is very low, since at the very most only 1 % of the total N or 10 % of the total P of washed chloroplasts can be considered as belonging to nucleic acid. Consequently, washed chloroplasts appear to contain from 0.3 to 0.7 % nucleic acid on a dry weight basis.
According to Ogur and Rosen (23) , RNA can be preferentially extracted in 1 N perchloric acid in 18 hours at 4°C. DNA, on the other hand, must be subjected to N/2 perchloric acid at 70°C, for hydrolysis and solubilization to occur. Application of this test to chloroplasts suggests that about 2/3 of the total nucleic acid present is DNA. The Dische test for desoxyribose indicated the presence of some DNA in the hot acid extracts, but the amounts were so small that it was impossible to say if the nucleic acid present was all accounted for as DNA. Further, a small diphenylamine reaction was found in the cold acid extracts. Consequently, it is not yet possible to decide whether the small amount of nucleic acid present in these preparations is partly or all DNA.
NUCLEIC ACID DISTRIBUTION IN LEAF HOMOGE-NATES: Using the extraction procedures of Ogur and Rosen (23), the nucleic acid content was determined for leaf homogenates and for the series of pellets obtained by centrifuging at successively higher speeds. One such analysis is listed in table VII. The nuclear fraction was removed by sharkskin filter paper in this homogenate, so the figures refer primarily to cytoplasmic nucleic acid. In contrast to the difficulties encountered with extracts from whole chloroplasts, the extracts obtained from the smaller classes of particles and from the cytoplasm gave peaks at 260 mu characteristic of nucleic acid.
The results show that about 40 % of the total As might be expected from the analysis of purified whole chloroplasts, the fraction consisting mainly of chloroplasts is relatively poor in nucleic acid per mg N, compared to the next smaller particles which are rich in catalase and in nucleic acid. The smallest particles (22,000 x g pellet) apparently have about the same concentration of nucleic acid as the catalase-rich particles. DISCUSSION In this study of the particulate organelles of leaf cells an attempt has been made to apply two criteria which are commonly used as evidence for the presence or absence of a particular enzyme activity or component from a given class of particles. The first is concentration or dilution of the activity, or other property under investigation, relative to its concentration in the whole homogenate (Schneider, 30) . If the activity is concentrated relative to the homogenate level, then it is almost certainly localized in the fraction under consideration; if it is diluted, then it is probably absent from the fraction. The other criterion consists in the preparation of smaller amounts of highly purified particles, and measurement of any residual activity left in the pure preparation (Dounce, 9) . Whereas previous work has indicated chloroplasts to contain catalase, cytochrome oxidase, and nucleic acid, the application of the aibove criteria in the present investigation strongly suggests that none, or only very small amounts, of these can be considered as present in the intact chloroplasts. On the other hand, the data do show by these same criteria that chlorophyll and the Hill reaction are present in the chloroplasts, and catalase and cytochrome oxidase are localized in the next smaller particles, probably mitochondria. Nucleic acid concentration is also high in these smaller particles.
In these two enzymes and nucleic acid, then, there is a measure of the degree of contamination of a chloroplast preparation by the smaller particles. Using these as markers, it is possible to see more clearly the difficulties found in separating chloroplasts from the smaller particles by centrifugation. By the time 90 % of the plastids are down, 40 % of the catalase and, inferentially, the small particles have also been sedimented under our conditions. Furthermore, if the chloroplasts were to be disrupted as by mortar and pestle grinding, then essentially no separation of the small particles from the chloroplast fragments could be accomplished by centrifuging. Only by using a grinding procedure that permits the majority of the plastids to remain intact, and selecting an appropriate centrifugal force, can separation of plastids from the smaller particles be achieved. Without such a separation, it is evident that activities and components would be ascribed to the chloroplasts which actually are localized in the smaller particles.
It seems likely that the particulate fraction rich in catalase contains mitochondria as a major component. It is the site of the respiratory enzyme, cytochrome oxidase, which is found in the mitochondria of animals (30) , and etiolated plant tissues (17, 22) . It contains catalase, as do animal mitochondria (30) . The morphology of many of the particles is that which would be expected for mitochondria, and they are stained by Janus Green B at low concentrations. The sedimentation of the fraction is roughly that which would be expected from mitochondria in other tissues, although the particles do tend to come down at somewhat lower forces than has usually been observed. This might be due, in part, to clumping caused by the M/15 phosphate buffer used in their preparation, together with the unknown electrolyte content of the vacuolar fluid of the leaf cells, which is liberated into the homogenate as the leaf is ground. We have not yet been able to show an active succinoxidase with preparations of these small particles; however, the absence of such an enzymatic activity could result from any number of as yet unfulfilled conditions in the isolation or measurernent process.
The catalase-rich fraction is seen to have the highest concentration of nucleic acid of any of the particles examined. In animal tissues, this would be regarded as evidence that high salt had caused the submicroscopic particles to clump together so as to sediment together with the mitochondria (30) . In view of the electrolyte content of the homogenates used here, this possibility cannot be eliminated. Alternatively, it is possible that leaf mitochondria and microsomes differ from those of animals in this fundamental respect. Further work with less acid leaves than tobacco, ground in entirely non-electrolytic media, is necessary before a decision can be made between these two alternatives. Such experiments might also result in cleaner separations of all three classes of particles: chloroplasts, mitochondria, and submicroscopic particles.
Our data on the RNA distribution in tobacco leaf homogenates corroborate those of McClendon (19) in showing a dilution of RNA where chloroplasts are concentrated. Comparisons of nucleic acids found in smaller particles in the two sets of preparations is difficult, since McClendon used different centrifugal forces to separate the fractions. In one experiment, McClendon's smallest centrifugal fraction (C3, table II) showed a marked enrichment in RNA per mg protein N compared to the larger particles. However, in 6 experiments, our smallest particulate fraction (brought down at 22,000 x g for 45 minutes) contained from 16 to 40 y RNA-P per mg non-plastid N, where the mitochondrial fraction (brought down at 10,000 x g) had from 15 to 36 .y RNA-P per mg non-plastid -N. In each experiment, there was no marked difference between mitochondrial and microsomal nucleic acid content, in spite of the variability between experiments. It is clear that the smallest particle fraction failed to show an enriched content of RNA. These smallest particles are characterized as yet only by the combination of low catalase activity, slow sedimentation, and moderate nucleic acid content. Their function, or even origin within the cells, is still obscure.
Our data agree with those of McClendon (20) and Webster (35) as to the distribution of cytochrome oxidase in tobacco leaf homogenates. McClendon (20) was unable to find a similar marked enrichment or dilution of catalase activity per mg N in the centrifugal fractions of tobacco leaf homogenates which he investigated. This contrasts with our finding that up to an 8-fold enrichment of catalase occurs in the particle fraction just smaller than chloroplasts. In agreement with McClendon, we find that in homogenates prepared by blendor treatment the sedimentation of DNA parallels that of chlorophyll quite closely. With mortar and pestle ground homogenates, however, a clear centrifugal separation of the two is possible. We thus see no need to postulate, as McClendon has done, an "adsorption of DNA onto the chloroplasts" (19) . We believe that the slower sedimentation of DNA in blendor homogenates can be correlated with the published microscopic observations of Weier and Stocking (37) which we have also made with our preparations: that is, that any blendor treatment, no matter how brief, causes nuclei to be elongated into long, thin, cohesive strands. It is obvious that a nucleus in the form of a thin strand will not sediment as rapidly as one with the same volume in the form of a sphere.
As shown in table I, we were able to eliminate nuclei from our preparations by passage through sharkskin filter paper. McClendon (19) was using homogenates routinely strained through sharkskin filter paper. It seems evident that nuclei under his conditions must have been able to pass through the filter paper, however. His homogenates (tables II and III, pp. 278 and 281) contained about 5 y DNA-P per mg protein N, whereas ours at best, even when strained through cheesecloth and glass wool, had only 1 y DNA-P per mg protein N. In view of the observed retention of DNA from our homogenates by filter paper, it may be that the nuclei were retained on the cellulose walls of the broken cells, even when the homogenates were strained through cheesecloth and glass wool. The differences between the two sets of preparations are obscure at the moment, and it is evident that further work is necessary to determine the conditions under which nuclei are or are not held back by the filtration techniques designed to eliminate unbroken cells.
The amount of nucleic acid found in the preparations of washed chloroplasts is quite small, and sets a fairly definite upper limit for the nucleic acid content of these plastids. The highest nucleic acid content found in one preparation was 5 .y P; but much more often the figure was 2 to 3 y nucleic acid phosphorus/mg N. It is possible that our chloroplasts actually had no nucleic acid, since a small amount of nuclear contamination would be sufficient to give the values found. It would seem from the sedimentation curves presented that nuclei would be very difficult to remove when preparing chloroplasts from a blendor homogenate. Repeated passage of the homogenate through the sharkskin filter paper was used to remove nuclei. In addition, the nuclei can be seen to clump together, or to have extraneous matter clumped on their surfaces, after some centrifugation. These are then easier to remove by low speed centrifugations than the data on sedimentation from the original homogenate would indicate. In spite of this, it is not certain that all of the nuclei were completely removed from the preparations of purified chloroplasts. Microscopic examination always showed a very few structures which would stain with analine blue, and these may have been nuclei or emptied protoplasts. The PLANT PHYSIOLOGY presence of DNA in the chloroplast preparations might seem to show that a large part of the nucleic acid found is indeed due to residual nuclei in the preparation. It is also possible, however, that DNA might be a real, though minor, constituent of isolated chloroplasts. If so, this would be consistent with the cytological observations of Metzner (21) , who found DNA to be present in chloroplasts of mature leaves.
Chloroplasts, of course, are cytoplasmic bodies that can be observed to divide independently of the nucleus, and maternal inheritance of chloroplast characters shows them to be at least partially independent of nuclear control. The presence of appreciable amounts of nucleic acid has always been associated with self-reproducing entities in the past. The fact that preparations of purified chloroplasts have such a low and possibly non-existent nucleic acid content is unusual from this point of view. The possibility cannot be eliminated that nucleic acid, originally contained inside the chloroplasts in the intact leaf, was removed by the homogenization and washing process. A number of observations indicate that large molecular weight substances are able to pass into and out of nuclei (1, 6, 33) . However, only further experiments will be able to determine whether chloroplasts are similar to nuclei in being freely permeable to nucleic acids, enzymes, and proteins.
Assuming for the moment that the low nucleic acid content of our washed chloroplasts represents the true state of affairs inside the cell, it can be pointed out that chloroplasts in mature leaves have stopped dividing and enlarging (Strugger, 34) . Chloroplasts and proplastids in much younger leaves are bodies that are capable of increase in size, and of division. It may be that, in the process of maturation, chloroplasts lose their nucleic acid content; or that the nucleic acid is stable and constant in amount and the increase in protein and pigments during plastid growth dilutes the amount of nucleic acid present to an insignificant proportion in comparison to the total N.
SUMMARY
Sedimentation of chlorophyll and DNA from tobacco leaf homogenates has been studied as a function of the method of grinding the leaves. It is found that the majority of mature chloroplasts are left intact by brief blendor treatment, whereas about 50 % are disrupted by grinding the leaves with a mortar and pestle. Nuclei are left relatively intact by mortar and pestle grinding, but are strung out and disrupted by the blendor treatment. Curves are presented showing the sedimentation of chloroplasts and nuclei as a function of the centrifugal force employed.
From the chlorophyll/N ratios of successive pellets, it can be inferred that smaller particles which are not chloroplasts or fragments of chloroplasts occur in the homogenates. These smaller particles are rich in catalase activity, have a large amount of nucleic acid, and resemble mitochondria in appearance. Still smaller particles. on the border of visibility, can be centrifuged out of solution, and are found to be poor in catalase and have slightly less nucleic acid than the intermediate particles. The total amount of protein N found in these two kinds of smaller particles has been estimated, and compared with the total leaf protein found in chloroplasts, or in soluble form.
Conditions for separating chloroplasts from the smaller particles, and from nuclei, are established. These purified chloroplasts are then found to have little or no catalase activity, little or no cytochrome oxidase activity, 'but full Hill reaction activity compared to the original homogenate, some phosphorus and iron, and very little nucleic acid. The nucleic acid present according to the limited tests applied could be, either in whole or in part, DNA. That cellular division and differentiation of young meristematic plant cells may be directly influenced and controlled by the presence of mature, differentiated, vascular tissues was reported many years ago by Haberlandt (11, 12) . Support for the view that mature tissues are essential for the activity of meristematic tissues has come from the numerous reports (3, 7, 16) early accepted in root culture work that a minimum tip length of several millimeters was essential for successful culture of transferred roots. Excised root tips which included only root cap, apical meristem, and a short zone of undifferentiated tissue proximal to the apical meristem usually would not survive in a medium which was apparently adequate for the growth of longer root tips which included mature vascular tissues. Chambers (7) reported the growth of squash root tips greater than 1.0 mm in length in a sterile nutrient medium, but found that tip fragments less than 1 mm in length, when cultured in an agar drop, separated into individual cells and formed no root. 
